The 334 nucleotide R satellite RNA was used as a template for purified RNA-dependent RNA polymerase (RdRp) from cucumber mosaic virus-infected tobacco plants. The products of the reaction were dsRNA and positive-strand RNA of the same size as the R satellite RNA. Similar products were obtained when T7 RNA polymerase positive-strand transcripts of a cDNA clone of the satellite RNA, designed to have the same 5' and 3' ends as the satellite RNA, were used as templates. The formation of the positive strands demonstrates complete replication of the satellite RNA. A positive-strand transcript with 65 and 255 additional nucleotides at the 5' and 3' ends of the satellite RNA respectively was also utilized as a template by the RdRp, but only dsRNA was formed. However, no products could be detected when the RdRp was programmed with transcripts corresponding to the negative-strand satellite RNA, either with no additional terminal nucleotides or with 24 and 310 additional nucleotides at the 5' and 3' ends respectively.
The 334 nucleotide R satellite RNA was used as a template for purified RNA-dependent RNA polymerase (RdRp) from cucumber mosaic virus-infected tobacco plants. The products of the reaction were dsRNA and positive-strand RNA of the same size as the R satellite RNA. Similar products were obtained when T7 RNA polymerase positive-strand transcripts of a cDNA clone of the satellite RNA, designed to have the same 5' and 3' ends as the satellite RNA, were used as templates. The formation of the positive strands demonstrates complete replication of the satellite RNA. A positive-strand transcript with 65 and 255 additional nucleotides at the 5' and 3' ends of the satellite RNA respectively was also utilized as a template by the RdRp, but only dsRNA was formed. However, no products could be detected when the RdRp was programmed with transcripts corresponding to the negative-strand satellite RNA, either with no additional terminal nucleotides or with 24 and 310 additional nucleotides at the 5' and 3' ends respectively.
The genome of cucumber mosaic virus (CMV) is divided among three positive-strand RNAs, designated RNA 1 (3.4 kb), RNA 2 (3.0 kb) and RNA 3 (2.1 kb) which serve as mRNA for non-structural proteins la, 2a and 3a respectively. RNA 3 also encodes the virus coat protein which is translated from a subgenomic RNA, designated RNA 4. Proteins la and 2a are components of the RNAdependent RNA polymerase (RdRp) (Hayes & Buck, 1990a) , the enzyme complex responsible for replication of the virus genome, whereas protein 3a is thought to potentiate cell-to-cell movement of the virus.
Several isolates of CMV, but not all, also contain a satellite RNA (reviewed by Francki, 1985) . Over 25 different CMV satellite RNAs have been characterized. They are all linear ssRNA molecules of approximately 334 to 386 nucleotides and are highly homologous. The satellite RNAs provide no functions necessary for the virus itself, contain sequences unrelated to CMV RNAs and are entirely dependent on CMV for replication and encapsidation. Satellite RNAs can alter the symptoms induced by the helper virus, the effect often depending on the host plant. For example, satellite I 17N attenuates the symptoms on tobacco but induces necrotic death of t Present address: Laboratoire de Biochimie et Physiologic V6g6-tales, INRA-Montpellier, 9 place Viala, 34060 Montpellier cedex 01, France.
0001-0713 © 1992 SGM tomato, whereas R satellite RNA attenuates symptoms on both hosts (Jacquemond & Lot, 1981 ; Jacquemond & Lauquin, 1988) .
We have recently isolated the CMV RdRp and shown it to be capable of catalysing in vitro the complete replication process of genomic RNA, i.e. the synthesis of negative-stranded template RNA and the subsequent synthesis of positive-strand genomic RNA (Hayes & Buck, 1990a) . We now show that the CMV RdRp is also capable of replicating CMV satellite RNA.
The 334 nucleotide R satellite RNA (Jacquemond & Lauquin, 1988) was purified by centrifugation on a sucrose gradient of total viral RNA produced by CMVinfected transgenic plants expressing an R satellite RNA (D. Tousch, M. Jacquemond & M. Tepfer, unpublished results). To determine whether the CMV RdRp could use satellite RNA as a template, 1 Ixg of RNA was added to 25 ~tl RdRp reaction mixture containing 50 mM-Tris-HC1 pH 8.2, 4% glycerol, 10 mM-MgC12, 10 mM-DTT, 1 mM-ATP, 1 mM-CTP, 1 mM-GTP, 50 p.M-UTP, 10 ktCi [3Ep]UTP (10 mCi/ml), and micrococcal nucleasetreated RdRp fraction 6, prepared essentially as described by Hayes & Buck (1990a) but with minor modifications (Hayes & Buck, 1992) . After 1 h at 30 °C, a 5 ktl aliquot of the reaction was spotted onto DE81 discs to determine the incorporation of [32PLUMP into RNA (Hayes & Buck, 1990a) . The remainder of the RdRp Short communication Hayes & Buck (1990a) .
products was purified (Hayes & Buck, 1990a ) and subjected to electrophoresis through a 4~ non-denaturing 8 M-urea-polyacrylamide gel (Buck & Ratti, 1977) . At room temperature 8 M-urea reduces the secondary structure of ssRNA molecules but does not denature dsRNA. As a consequence, in such gels ssRNA molecules migrate as sharp bands more slowly than the corresponding double-stranded forms (Floyd et al., 1974) . Table 1 shows that there is a significant increase in [32p]UMP incorporation when satellite R N A is added to the CMV RdRp. Analysis of the products by gel electrophoresis demonstrated that the label was incorporated into two R N A species with different mobilities (Fig. 1, lane 3 (Hayes & Buck, 1990a) confirmed that the upper band was positive-sense satellite R N A and internally labelled (data not shown). This upper band was also sensitive to digestion byS 1 nuclease and RNase A in 2 × SSC confirming its identity as ssRNA (data not shown). In contrast, the faster migrating band was resistant to S1 nuclease and RNase A in 2 x SSC, but sensitive to RNase A in 0-1 x SSC (data not shown), showing that it is double-stranded (Ratti & Buck, 1979) . Its electrophoretic mobility is consistent with it being the double-stranded form of the satellite RNA.
Having shown that the RdRp was capable of replicating the satellite RNA, we investigated the ability of the RdRp to process and replicate T7 R (Table I) . Analysis of the products on an 8 M-ureapolyacrylamide gel detected only a single band (Fig. 1,  lane 6 ). After digestion with nuclease S1, or RNase A in 2 x SSC, a band with slightly greater mobility was detected (result not shown). This suggests that the reaction product was dsRNA with a single-stranded tail, which would be expected if internal initiation of negative-strand synthesis had occurred. No band corresponding to ssRNA was detected, even after prolonged exposure.
Cleavage (Table 1) . No bands corresponding to ss-or dsRNA were detected on an 8 Murea-polyacrylamide gel (data not shown).
To investigate further whether the lack of ssRNA production with the T7 R N A transcript was a feature of the extra 5' and 3' nucleotides, the c D N A insert was amplified using the polymerase chain reaction (PCR) as previously described (Hayes & Buck 1990b ), but using the 5' oligonucleotide T A A T A C G A C T C A C T A -TAGTTTTGTTTATGGGAGAATT and a 3' oligonucleotide GGGTCCTGTAGAGGAATGTG with an extension step (72 °C) of 15 s. The 352 bp PCR product was then purified using a Stratagene PrimeErase Quik Push column as described by the manufacturer. T7 RNA polymerase transcription, using the promoter site within the 5' sequence of the product, resulted in a 334 nucleotide transcript (Fig. 1, lane 7) with the same 5' and 3' ends as the native satellite RNA. As expected, when used as a template for the RdRp, both ss-and dsRNA were produced (lane 9). Incorporation of [32p]UMP with this template was similar to that obtained using the purified satellite RNA.
The PCR reaction was then repeated using the 5' primer GTTTTGTTTATGGGAGAATT and the 3' primer TAATACGACTCACTATAGGGTCCTGTA-GAGGAATGTG. T7 RNA polymerase transcription using the promoter site within the 3' sequence resulted in a 334 nucleotide transcript of negative-strand polarity corresponding to the complementary sequence of the satellite RNA with no terminal additions. However, when this transcript was used as a template for the RdRp reaction, there was no significant increase in [32p]UMP incorporation compared to the no template control (Table 1) , and no labelled RNA species were detected by autoradiography (data not shown).
The observation that the CMV RdRp produces both negative-and positive-stranded RNA when provided with a satellite RNA template is consistent with the observation that the RNA is dependent upon the helper virus for replication. Although in vitro the CMV RdRp is able to recognize and replicate a positive-sense T7 RNA transcript identical to the satellite RNA, additional 5' and 3' flanking sequences result in only dsRNA synthesis. This, together with the lack of RNA synthesis with the pBLR negative transcript, indicates that the RdRp can recognize the promoter for negative-but not positive-strand synthesis internally. Internal recognition of a promoter for negative-strand synthesis by a partially purified brome mosaic virus RdRp was reported by Miller et al. (1986) . Interestingly, high levels of singlestranded satellite RNA are detected in plants after inoculation with the pBLR positive transcript together with CMV RNAs 1,2 and 3 (D. Tousch, M. Jacquemond & M. Tepfer, unpublished results) . The accumulation of correctly processed RNA may be due to fortuituous RNase activity on a 5' end of a small number of transcripts resulting in high levels of replication of these modified transcripts, or inefficient internal initiation on the negative strand, followed by efficient replication of the positive strand in the plant. Clearly once a correctly terminated molecule has been produced in a plant, thousands of cycles of replication are possible to allow accumulation of the satellite. In contrast the in vitro system is relatively inefficient and probably only a fraction of the template is copied.
The inability of the RdRp to use T7 RNA transcripts corresponding to negative-strand satellite RNA as a template (ii) The RdRp may copy the free negative strand inefficiently. In the cell-free system this could be below the level of detection, whereas in vivo the resultant positive strands are efficiently multiplied. However, replication in vivo is asymmetric, resulting in an excess of positive-strand satellite RNA molecules and it might therefore be expected that a negative-strand template would be copied more efficiently than a positive-strand template. (iii) The template for positive-strand synthesis may be dsRNA, rather than the free negative strand. However, this seems unlikely because double-stranded forms of the three CMV genomic RNAs do not form a template for the RdRp (Hayes & Buck, 1992) . (iv)It is possible that the transcript provided to the RdRp does not have the correct terminal sequence. Collmer & Kaper (1985) showed that the double-stranded replicative forms of CMV RNA, including the satellite RNA, have an unpaired G residue at the 3' end of the negative strand. They proposed that positive-strand synthesis is initiated on the adjacent penultimate C residue of the negative strand. The unpaired G residue could be important for RdRp binding to the negative strand. (v) Another possibility is that synthesis of negative and positive strands could be coupled, with posltive-strand synthesis requiring either the RdRp to recognize simultaneously sequences at the 5' end of the positive strand and at the 3' end of the negative strand, or the RdRp to remain bound to the 3' end of the negative strand as it is synthesized. Hence recognition and copying of a free negative strand may not occur in vivo. Experiments to distinguish these possibilities are in progress.
Note in proof After this paper had been submitted for publication, Wu et al. (1991 ; FEBS Letters 292, 213-216) reported the replication of two different CMV satellite RNAs (1 and 7) by a partially purified RdRp.
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